Po/ 210 Pb disequilibrium may be used as an additional tool to examine particle export, given the direct biological uptake of 210 Po into cellular material. Differences in these two radioisotope pairs with regard to their half-lives, particle reactivity and scavenging affinity in seawater should provide complementary information to be obtained on the processes occurring in the water column. Here, we review eight different studies that have simultaneously used both approaches to estimate POC export fluxes from the surface ocean. Our aim is to provide a complete ''dataset'' of all the existing POC flux data derived from the coupled use of both 234 Th and 210 Po and to evaluate the advantages and limitations of each tracer pair. Our analysis suggests that the simultaneous use of both radiotracers provides more useful comparative data than can be derived from the use of a single tracer alone. The difference in half-lives of 234 Th and 210 Po enables the study of export production rates over different time scales. In addition, their different biogeochemical behaviour and preferred affinity for specific types of particles leads to the conclusion that 234 Th is a better tracer of total mass flux, whereas 210 Po tracks POC export more specifically. The synthesis presented here is also intended to provide a basis for planning future sampling strategies and promoting further work in this field to help reveal the more specific application of each tracer under specific water column biogeochemistries.
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Introduction
Understanding the natural mechanisms of oceanic carbon dioxide (CO 2 ) uptake is essential for the reliable forecast of future changes in atmospheric CO 2 , nowadays very much related to the increased anthropogenic emissions of greenhouse gases to the atmosphere. One such mechanism is the ''biological pump'', the conversion of CO 2 into biomass. Most of the CO 2 taken up by phytoplankton is recycled near the surface, but a variable and significant amount of the biomass carbon leaves the euphotic zone and sinks into the deep waters via gravitational settling, diffusion and active biotransport of organic carbon and inorganic carbon (i.e. CaCO 3 ) (Ducklow et al., 2001) . As this material, often called marine snow, sinks through the water column a large proportion of this biomass is converted back to CO 2 by marine bacteria, and less than 1% ultimately reaches the seafloor (Feely et al., 2001; Berelson et al., 2002) . The efficiency of the biological pump can therefore be expressed as the ratio of the amount of particulate carbon exported from the surface layer relative to the total amount produced through photosynthesis (Eppley and Peterson, 1979; Ducklow et al., 2001) .
In this study, we examine the use of 234 Th and 210 Po as tracers of export production from the upper ocean and, more specifically, of particulate organic carbon (POC) flux. A total of eight different studies that include simultaneous measurements of both existing POC fluxes derived from the coupled use of both tracers, our goal is to evaluate the advantages and disadvantages, as well as possible limitations, of the use of 234 Th and 210 Po as tracers of POC export production. We will discuss whether the simultaneous application of both approaches can provide more information than can be derived from the use of either tracer alone.
1.1. Measurements of POC export 1.1.1. Sediment traps Sediment traps are widely used to measure the vertical flux of particulate matter in the oceans: they provide insights into the spatial and temporal variability of fluxes and composition of sinking particles, and have come to be one of the principal methods for understanding the marine carbon cycle (i.e. Honjo et al., 1982 Honjo et al., , 1995 Honjo et al., , 2000 . Sediment traps have been used to determine the extent to which CO 2 fixed by primary producers is exported as POC. Data collected in sediment traps indicate that the POC flux decreases: (1) with increasing depth; (2) with increasing distance from the continental margin; and (3) with decreasing primary production (Martin et al., 1987; Armstrong et al., 2001 ). However, three major factors have been identified as potentially biasing the results obtained using sediment traps, at least in terms of quantitative flux measurements: zooplankton swimmers (Lee et al., 1988; Karl and Knauer, 1989; Michaels et al., 1990) , particle solubilization ) and hydrodynamics (Gardner, 1980; Gust et al., 1992 Gust et al., , 1994 ) (see a review by Buesseler et al., 2007) .
Use of radioactive tracers
Indirect estimates of particle fluxes can be attained from the use of particle reactive radiotracers. Since radionuclides are produced and decay at known rates, they are useful for quantifying time-dependent processes. If these radionuclides are also particle reactive they will tend to be absorbed, and/or adsorbed, onto particles and track their progress through the water column. Therefore, a combination of these two characteristics is required for these tracers to become a potential tool for quantifying particulate export fluxes. The export flux of a given parameter (i.e. POC) can be estimated if the ratio of the concentration of the parameter to the radionuclide in sinking particles is known. For the study of upper ocean processes, the short-lived particle reactive isotopes of the 238 U decay series, 234 Th (T 1/2 ¼ 24.1 d) and 210 Po (T 1/2 ¼ 138.4 d), are particularly suitable tracers because of their half-lives and scavenging affinity (Coale and Bruland, 1985; Bacon et al., 1976 Bacon et al., , 1988 ).
1.1.2.1.
234
Th/ 238 U disequilibrium. The disequilibrium between 234 Th and its parent 238 U has most often been used to estimate the flux of POC (Buesseler et al., 1992; Cochran et al., 1995; Bacon et al., 1996; Moran et al., 1997; Benitez-Nelson et al., 2001; Benitez-Nelson and Moore, 2006) . 234 Th is produced continuously in seawater through alpha decay of its soluble parent nuclide 238 U (half-life ¼ 4.5 Â 10 9 yr) and is very particle reactive (Bacon and Anderson, 1982; Moore and Hunter, 1985) . Uranium is conservative in seawater at a concentration of approximately 3.1 mg L À1 because it remains dissolved as the UO 2 (CO 3 ) 3 4À species (Langmuir, 1978; Chen et al., 1986; Pates and Muir, 2007) . Dissolved thorium exists as the hydrolysis product Th(OH) n (4Àn)+ but is quickly removed from the dissolved state by adsorption onto particles (Honeyman et al., 1988; Santschi et al., 2006) . In the absence of Th scavenging and export by particles, we would expect to find 238 U and 234 Th in secular equilibrium, both with a concentration of approximately 2.4-2.6 dpm L
À1
. But because the ocean is not particle free, thorium is effectively scavenged onto particle surfaces and removed from the surface ocean as these particles sink, creating a deficiency of 234 which is particle reactive and associates with aerosols (Turekian et al., 1977) . The residence time of 210 Pb in the atmosphere is on the order of days to weeks and it is deposited onto land and ocean surface by both dry and wet deposition (Moore et al., 1974; Turekian et al., 1977; Kritz, 1983) . In marine systems, water column 210 Pb is also produced by in situ decay of 226 Ra, which has nutrient like distributions in seawater (Broecker et al., 1967; Ku et al., 1970; Ku and Lin, 1976) . In situ production of 210 Pb in the shallow waters of coastal areas is almost negligible compared to the atmospheric flux. In contrast, in situ production of 210 Pb represents a much greater contribution in the open ocean, although excess 210 Pb relative to 226 Ra may also be significant due to atmospheric input (Cochran, 1992 210 Pb total activity ratio in the surface ocean of about 0.5 (Bacon et al., 1976; Cochran, 1992) . The disequilibrium is primarily due to a difference in Po and Pb biogeochemistry. Pb and Po are both particle reactive although they have different chemical behaviours: Po has a stronger affinity for particles than Pb (Kharkar et al., 1976; Heyraud et al., 1976) . Pb and Po also have different binding mechanisms: while Pb is only adsorbed onto particle surfaces (it behaves similarly to Th), Po is also assimilated into phytoplankton cells, by entering the biological cycle of the living organisms in a manner similar to sulphur. Thus, Po becomes enriched in organic soft tissue, specifically proteins, and can bioaccumulate within the food web (Fisher et al., 1983; Cherrier et al., 1995; Stewart and Fisher, 2003a, b; Stewart et al., 2005) . (Shannon et al., 1970; Turekian et al., 1974; Kharkar et al., 1976) suggesting that 210 Po is enriched within the food web.
As pointed out in seminal works by Turekian et al. (1974) , and Bacon et al. (1976) the 210 Po pair can be used to trace particle transport processes and quantify chemical scavenging and particle removal rates in the upper ocean for time scales of weeks to months. Recent experimental studies by Stewart and Fisher (2003a, b) and Stewart et al. (2007a, b) U pair. Here we review five different studies from the literature where both approaches have been used. In some instances, however, the original studies did not apply the two approaches in an identical manner and we have re-examined the data for use in this work. We also include results from a recent study conducted within the framework of the MedFlux programme in the Mediterranean Sea (Stewart et al., 2007a, b) , as well as results from two other projects, EDDIES (Buesseler et al., 2008 ) and E-Flux Verdeny et al., 2008) that have studied the export production within mesoscale eddies in the Sargasso Sea and in the North Tropical Pacific near Hawaii, respectively.
Calculation methodology and POC flux determination
The studies summarized here had significant differences in the manner in which water column radionuclide fluxes were calculated and then translated into POC fluxes. In order to present a unified dataset of radionuclide and POC fluxes, we must first use a consistent methodology. We therefore re-calculated the inventories and the integrated deficiencies of 234 Th and 210 Po using the following approach. The water column was divided into boxes spanning the distance between two consecutive mid points (z) placed at the mean distance between two consecutive sampling depths:
The width (w i ) of the boxes is calculated by
and the integrated inventory (I, in dpm m À2 ) of 234 Th and 210 Po is obtained using a simple box integration model:
where A i is the activity of 234 Th or 210 Po determined at any given sampling depth i. The fluxes of 234 Th and 210 Po were calculated using a two-box irreversible scavenging model (Bacon et al., 1976) . When only total activities of the radionuclide were available, we applied a one-box irreversible model (Matsumoto, 1975) . If A 1 and A 2 are the parent and daughter activities, respectively, the change of total A 2 activity with time is given by
or, considering dissolved (d) and particulate (p) fractions separately by 
In one case study (the Equatorial Pacific), a physical advection term was included (see Section 2.5). When data were available, a non-steady state approach was used (see Sections 2.3 and 2.4).
POC fluxes were re-calculated using a variety of methods depending on the availability of the particulate carbon data. When possible we have used the POC/radionuclide ratio measured in particles from sediment traps at the base of the euphotic zone, and/or the ratio determined in the large particles from in situ pump samples (453 or 70 mm), and/or the ratio on suspended particles (typically 41 mm). Alternatively, we used the inventory of POC in the water column and the residence times of particulate 234 Th and 210 Po in the upper water column. In some cases we found slightly different results with respect to the fluxes calculated by the authors, which we attribute to the different way we integrated the water column deficiencies. For consistency, we have used our re-calculated results, which also provided 210 Po-POC flux estimates for some studies where they were not originally determined (Atlantic Ocean, Sargasso Sea and Equatorial Pacific).
Case studies
The studies presented in this work are the only published studies in which vertical activity profiles of 234 For each study, we briefly summarize the sampling scheme and methodologies (see Table 1 for the compilation of the sampling methods). For each case under review, we include a section that discusses and presents the approach/es used for re-calculating the POC flux in order to obtain better comparative estimates, always limited by the availability of C data. We note that for the three most recent studies (in Sections 2.6, 2.7 and 2.8) the 234 Th and 210 Po fluxes were originally determined as in Eqs. (1) 
Table 2
Published and re-calculated POC flux results for the study in the Bellingshausen Sea, Antarctica (Shimmield et al., 1995 Th ratio at the 0-100 m section (41 mm).
b Value of the POC/ 234 Th ratio at the base of the mixed layer, at 100 m (41 mm).
inventory of the POC in the upper 100 m and the residence time of particulate 234 Th. These additional calculations will be used to discuss the results (Table 2) . Sarin et al., 1999) Seawater samples were taken at four stations along a transect through the mid-Atlantic, from 351S to 101N during May and June of 1996. This transect included two stations in the South Atlantic (331S 401W; 171S 251W) and two in the equatorial Atlantic (0.51S 201W; 81N 451W), allowing a comparison between the particle-associated scavenging processes in the equatorial and subtropical regions of the South Atlantic. The distributions of 210 Po and 210 Pb were measured in the dissolved (o0.7 mm) and total (dissolved+particulate) phases of seawater samples in the upper 500 m.
Atlantic Ocean
234 Th was also measured in the upper 500 m at the same stations in the dissolved, particulate (0.7-53 mm and 453 mm) and total fractions. POC was measured in both particle size classes (0.7-53 and 453 mm). Table 3 Published and re-calculated POC flux results for the study in the Atlantic Ocean Sarin et al., 1999 Table 6 Published and re-calculated POC flux results for the study in the Central Equatorial Pacific (Murray et al., 1996 (Murray et al., , 2005 ; Survey I).
ARTICLE IN PRESS
Published results (SS) St. 1 0-120 Values in graphs in Murray et al. (1996) Values in graphs in Murray et al. (2005) Table 7 Published POC export fluxes from the Mediterranean Sea (MedFlux project) (Stewart et al., 2007a, b Po) ratio measured in 453 mm particles from in situ pumps.
Table 9
Published PC export fluxes from the lee of Hawaii (North Tropical Pacific, Hawaii) (EFlux project) Verdeny et al., 2008 In our re-calculation we considered 8 stations from their study (see Table 4 ), based on availability of the POC data. We used a SS approach for all stations and we additionally applied NSS conditions (Eq. (8) 2.4. Sargasso Sea (Kim and Church, 2001) In this study, 238 U-234 Th and 210 Po pairs were measured bi-monthly through the upper 500 m of the water column at the Bermuda Atlantic Time-Series Study (BATS) site in the Sargasso Sea. Sampling took place from October 1996 to August 1997. Dissolved and particulate seawater samples were obtained by filtration through 0.45 mm cartridge filters, of 20 L samples.
The POC export fluxes for SS and NSS conditions were recalculated for both 234 Th and 210 Po approaches (Table 5 ). Due to the lack of primary data for calculating the POC/radionuclide ratios, we used the inventory of suspended POC in the water column from 0 to 150 m (data from Steinberg et al., 2001 ).
2.5. Central Equatorial Pacific (Murray et al., 1996 (Murray et al., , 2005 The export flux of POC was measured in the Central Equatorial Pacific, as part of the US JGOFS Eq. Pac. study in 1992, using both 234 $20 L were collected from Go-Flo bottles. The flux of particles was sampled using drifting sediment traps of the PIT design . Particulate samples from traps deployed at 5-7 depths from 50 to 250 m were analysed in order to obtain the POC/ radionuclide ratio in the sinking particles. For this case study we focused on re-calculating the fluxes for Survey I (Table 6) . Murray et al. (1996 Murray et al. ( , 2005 applied advection corrections between 51N and 51S, where the vertical and meridional velocities were available . From the graphs in Murray et al. (2005) we could roughly estimate the amount of 210 Po that was advected vertically. However, we could not estimate the advective flux of 234 Th in Murray et al. (1996) .
Like the authors, we used a one-box model approach and the POC/radionuclide ratio measured in sediment trap samples. All fluxes have been calculated for the base of the euphotic zone (120 m) in the sampling area.
2.6. Mediterranean Sea (MedFlux project; Stewart et al., 2007a, b) The goal of the MedFlux project was to understand the role of ballast in the vertical flux of organic matter in the mesopelagic zone. (Table 7) .
Sargasso Sea (EDDIES project, Buesseler et al., 2008)
The goal of the EDDIES project was to examine the impact of a mode water eddy on particle flux in the Sargasso Sea (Buesseler et al., 2008) . Samples were collected during two sampling cruises (E3 and E4) in July and August 2005. The second cruise represented the second visit to the same eddy after one month. Samples for total 234 Th were collected along a series of transects through the eddy and at targeted stations on each cruise. The sampling methodology for 234 Th was based on 4 L samples, as described in Buesseler et al. (2001) The E-Flux project was conducted to investigate the physical, biological and biogeochemical characteristics of cold-core cyclonic eddies that form in the lee of the Islands of Hawaii (Benitez-Nelson et al., 2007; Benitez-Nelson and McGillicuddy, 2008) . The E-Flux sampling scheme consisted of three sampling cruises, each lasting approximately 3 weeks, that took place within a 6-month sampling period. These cruises sampled two distinct mesoscale eddies during different physical and biological stages of evolution, with Cyclone Noah sampled during E-Flux I (November 2004) and Cyclone Opal sampled during E-Flux III (March 2005) Kuwahara et al., 2008; Nencioli et al., 2008) . Sampling for 234 Th was conducted along several transects through the eddies, in a star shape. High-resolution sampling of 4 L samples for 234 Th analysis was achieved between 0 and 1000 m depth . For 210 Pb and 210 Po, 10 L samples were collected from 10 depths from the surface to 500 m depth, both at stations inside the eddy (IN stations) and in surrounding waters (OUT stations) Po with the POC fluxes recorded in sediment traps: (A) modelled fluxes obtained using the inventory of suspended POC (data from Sargasso Sea-BATS and Hawaii); (B) modelled fluxes obtained using the POC/radionuclide ratio in large particles collected using in situ pumps (data from Sargasso Sea-EDDIES and Mediterranean Sea); (C) modelled fluxes obtained using the POC/radionuclide ratio in sediment trap samples (data from Central Equatorial Pacific, Sargasso Sea-EDDIES and Mediterranean Sea).
samples with the sediment trap fluxes themselves (Fig. 3C , data from the Equatorial Pacific, EDDIES and the Mediterranean Sea).
Comparing model flux estimates
For the study in the Bellingshausen Sea (see Table 2 , Fig. 2A , respectively. In the Atlantic Ocean (Table 3, Fig. 2B ), the 234 Th-POC and 210 Po-POC flux estimates calculated using the ratio in particles 41 mm gave up to 2-fold higher results for 210 Po.
In the ACC (Table 4 , Fig. 2C Table 5 , Fig. 2D Th estimates by 2-3-fold. The POC fluxes at the Dyfamed site in the Mediterranean Sea are shown in Table 7 and Fig. 2F . Notice that we refer to stations in order to identify the timing of sampling at a particular site. Using the ratio in 453 mm particles, 234 Th-POC fluxes were almost a factor of 3 higher than the 210 Po-POC estimates for Sta. 1 and Sta.
2. Both estimates were comparable at Sta. 5, and 210 Po-POC fluxes were larger by almost 2-fold at Sta. 4. Comparing the flux estimates derived from the use of the C/radionuclide ratios measured in sediment traps, the 234 Th-POC estimates were a factor of 4 larger than the 210 Po-POC flux estimates.
The results from the EDDIES project in the Sargasso Sea are provided in Table 8 (Fig. 2G) . For the POC flux estimates using the ratio in particles 453 mm, we found larger 210 Po-POC fluxes compared to the average 234 Th-POC flux at 150 m by a factor of 3 in the E3 cruise and a factor of 2 during the E4 cruise. The 234 Th-POC fluxes obtained using the ratio measured in sediment trap particles were not statistically different from the fluxes using the ratio in 453 mm particles.
The PC flux results from the E-Flux project off Hawaii are given in Table 9 (Fig. 2H) . Comparing PC fluxes using the inventory of PC in the water column, we found comparable fluxes within a factor of 2 of slightly larger sediment traps create the deficits in the water column recorded by 234 Th and 210 Po, the higher model fluxes obtained using the inventory of POC is likely because this calculation takes into account all suspended particles (namely 41 mm). In other words, not all of the organic carbon containing particles used to determine the POC inventory are exported. Rather, suspended particles may be recycled before they reach the sediment traps.
We also found higher model POC fluxes versus sediment trap fluxes using the ratio in large particles from the in situ pumps (Fig. 3B) . The pumps collect particles that are present in the water column whether or not these particles contribute to the sinking flux. The fact that we obtain higher model fluxes in this case can be related to: (i) in situ pumps collect 453 mm (or 70 mm)
particles, that can be either sinking or buoyant; (ii) the sinking particles collected in the sediment traps might have been more affected by remineralization on their way into the trap.
From the comparison of sediment trap fluxes with model fluxes using the POC/radionuclide ratio from sediment trap samples (Fig. 3C) , we observe a trend towards larger sediment trap fluxes for almost all cases. This could indicate that in general sediment traps tend to overcollect with respect to the measured disequilibria (Buesseler, 1991 whereas 234 Th deficits may reflect a more rapid change in the water column during the bloom itself. This inherent difference between the tracers could explain the generally higher 234 Th-POC fluxes versus 210 Po-POC fluxes observed (Fig. 4) , as sampling is usually undertaken when a bloom is more likely to occur. The difference in half-lives is also relevant when applying a non-steady state approach. For most studies, a 1-D steady state model is the only chance for estimating particle fluxes, although this simple model may not adequately characterize the distribution of radionuclides as a function of time and space. An improvement relies in the use of a non-steady state model, which would be more sensitive to changes in the water column over time . Non-steady state models require repeated sampling of a given station over a short period of time appropriate to the half-life of the tracer. A time interval of 2-3 weeks would be best for 234 Th, whereas for 210 Po, a time interval of 2-3 months would be sufficient. As a result, 234 Th could be better used to record short-term changes in the water column, while 210 Po could be used to record longer-term (e.g. seasonal) changes in export fluxes. Unfortunately, we could not calculate NSS flux estimates for the studies included here to demonstrate how SS and NSS flux calculations differ.
The effects of upwelling, advection and lateral transport can also play an important role in the activity profiles of 234 Th and 210 Po. Again, it must be evaluated whether the physical characteristics of the water column influence the 234 Th and 210 Po profiles, and their disequilibrium, in the same way and to the same extent. The effect of upwelling is to bring deep waters to the surface. Waters from below the euphotic zone usually have higher activities of 210 Po (with respect to 210 Pb) and 234 Th tends to be in equilibrium or closer to equilibrium with 238 U (or higher than 238 U due to remineralization). Therefore, when deeper waters are upwelled the resulting calculated export fluxes are most commonly underestimated. For example, in the Central Equatorial Pacific, especially near the equator, the 210 Po-POC fluxes were enhanced by about 30-70% when vertical advection corrections were considered (Murray et al., 2005) . In the same area, Buesseler et al. (1995) also found that
234
Th fluxes were 25-35% higher when an upwelling term was included. At Station RFZ in the Central Equatorial Atlantic, Charette and Moran (1999) reported qualitatively high upward flux of deep waters, although the strength of the upwelling could not be determined. However, in their transect through the mid-Atlantic, the highest rate of productivity was found at station RFZ, despite the relatively low calculated POC fluxes. The authors attributed this to the lack of upwelling corrections. In spite of the evidence that physical processes affect the modelled fluxes, more studies should be conducted where transport velocities are also measured to evaluate how 234 Po with respect to their parent nuclides and therefore better constrain the fluxes. For instance, in the study carried out in the ACC, the sampling resolution was very low for all stations with only 3 or 4 sampling depths from the surface to 200 m. The authors integrated radionuclide deficiencies in the upper 100 m, but in some cases 234 Th was still depleted at deeper depths (see Rutgers van der Loeff et al., 1997 and /or Friedrich and Rutgers van der Loeff, 2002) . In the Bellinghausen Sea (Shimmield et al., 1995) and the Atlantic Ocean Sarin et al., 1999) , between 6 and 9 depths were sampled in the upper 500 m. In contrast, in the Central Equatorial Pacific (Murray et al., 1996 (Murray et al., , 2005 9 depths were collected between the surface and 250 m depth, and in the Sargasso Sea, Kim and Church (2001) achieved a high sampling resolution comprised of 12-14 depths per profile down to 500 m.
In the EDDIES and E-Flux projects, even higher resolution was accomplished: 15-16 sampling depths over the upper 400-500 m using small volume sampling techniques (4 L for 234 Th and 8-10 L for 210 Po). In the Mediterranean Sea (Stewart et al., 2007a, b) , between 5 and 8 depths were sampled in the upper 200 m for both 234 Th and 210 Po.
Particle affinity
An important characteristic that distinguishes these tracers is their different biogeochemical behaviour and particle affinities, although 234 Th and 210 Po are both highly particle reactive. 234 Th is known to adsorb very effectively on the surface of particles , whereas 210 Po is believed to behave in a manner similar to sulphur and is thus prone to bioaccumulation (Stewart and Fisher, 2003a, b ). The differences in particle reactivity lead to different behaviours of the elements in seawater, especially in the upper water column, where most particles are produced and where recycling of organic matter is more intense. In addition, 234 Th and 210 Po are recognized to have different degrees of affinity depending on the type of particle (e.g. Stewart et al., 2007a, b) . 234 Th-POC-and 210 Po-POC-derived fluxes are similar when fluxes are low, o5 mmol C m À2 d À1 (see Fig. 5 ). Differences between the two methods become increasingly apparent when fluxes increase, probably due to differences in relative particle reactivity. When fluxes are calculated using the inventory of POC (Fig. 5A) Th-derived POC flux. Shimmield et al. (1995) also related the differences in the fluxes to the residence times of the radionuclides in the mixed layer which was 10 times larger for 210 (Fig. 5B) , and similarly using the ratio in particles 453 mm (or 70 mm) (Fig. 5C ) and the ratio measured in sediment trap samples (Fig. 5D) Diatom blooms were also observed in mesoscale features such as eddies in the Sargasso Sea, but the absolute measured fluxes were very low and, if anything, were slightly larger when using the 210 Po approach (Buesseler et al., 2008) . In the Equatorial Pacific, low fluxes were also reported but with a biological community comprised of small phytoplankton. Much of the organic carbon produced was in the form of DOC. In this region, there was a tendency towards slightly larger 210 Po-POC fluxes.
The fluxes in the Mediterranean Sea, either using the 470 mm ratio or the ratios in sediment trap samples, were larger for 234 Th-POC than 210 Po-POC, similar to the Bellingshausen Sea.
This could be related to a more effective scavenging of 234 Th onto lithogenic material present in the water column from the frequent atmospheric deposition of Saharan dust in the western Mediterranean. Murray et al. (1996 Murray et al. ( , 2005 
The POC/radionuclide ratio
Once the 234 Th or 210 Po flux from the upper water column is estimated, it can be used as a proxy for elemental particle flux by simply multiplying 234 Th or 210 Po export on sinking particles by the element/radionuclide ratio measured on the same sinking particles. For POC this would mean that the flux of POC equals the radionuclide flux times the POC/radionuclide ratio (Buesseler et al., 1992) . This is an empirical approach that has inherent strengths and limitations that have been recently reviewed in detail for 234 Th by Buesseler et al. (2006) . Briefly, variations in POC/ 234 Th can result from a variety of geochemical and biological processes, as well as sampling method. Sampling methods (e.g. using water column POC standing stock and radionuclide residence time) clearly bias results because the POC/radionuclide ratio is not specific to sinking particles. Even with an accurate estimate of radionuclide deficit, any variation in POC/radionuclide ratio may lead to over/underestimating the true POC flux. Therefore, Buesseler et al. (2006) state that studies must have site and depth specific POC/radionuclide data collected over the same time-scale as the integration time of the tracer the study is employing.
The main controversial point here lies in the choice of method for sampling the truly sinking particulate material. Usually, the particles 453 mm (or 70 mm) are considered to contribute to the sinking flux (usually compared to the smaller particles 1-53 or 1-70 mm). However, the POC/radionuclide ratio can also be determined in sediment trap samples, as these devices are meant to truly collect the settling particles, such as aggregates. However, a series of problems/limitations exist for both sampling methods. Concerning filtration, in situ pumps are questioned as a method for collecting sinking particles as there is no method to discern between sinking and suspended matter collected on filters and pre-filters. Niskin samples are believed to collect zooplankton that is not contributing to the sinking flux (e.g. Liu et al., 2005) , but can greatly affect the value of the POC/radionuclide ratio. On the other hand, the collection efficiency of sediment traps can be affected by hydrodynamic problems, swimmer contamination and selective trapping of a given particle type (Gardner, 2000; Peterson et al., 2005; Buesseler et al., 2007) . Neutrally buoyant floating sediment traps (Buesseler et al., 2000 (Buesseler et al., , 2007 may help resolve hydrodynamic problems associated with moored traps, but they have yet to be routinely deployed. Buesseler et al. (2006) pointed out that the value of the POC/ 234 Th ratio might vary greatly with depth and size of the particle. In the Bellingshausen Sea, at Station K, Shimmield et al. (1995) reported values of the POC/ 234 Th ratio that clearly decreased with depth. The re-calculated POC export at that site using the value of the POC/ 234 Th ratio at 100 m (6.5 mmol dpm À1 ) is 8.3 mmol C m À2 day
À1
, a factor of 2 smaller than the original estimate using an average ratio for the 0-100 m interval. In this paper, we assert that the ratio at the base of the euphotic zone should be more representative of the sinking exported particles.
In the Atlantic Ocean, Charette and Moran (1999) reported a trend of decreasing POC/ 234 Th ratio with decreasing particle size, such that the 234 Th-POC fluxes increase by an average factor of 4 when using the ratio in the 453 mm particles compared to the ratio in 41 mm. On the other hand, in the ACC, Rutgers van der Loeff et al. (1997) , based on literature data on C and 234 Th in suspended matter and trap material, stated that the POC/ 234 Th ratio of the material that is exported from the euphotic zone, i.e. caught in sediment traps, amounted to 30-60% of the ratio in suspended particulate material. In this case, the 234 Th-POC estimated from the ratio in 41 mm particles would correspond to a lower limit. Unfortunately, there is little or no information on how the POC/ 210 Po ratio varies with depth and size. Thus, no such comparison can be made. We suggest that the particulate radionuclides and organic carbon (or any other parameter for which export is to be estimated) should be measured on the same type of sample or, better yet, taken from the same sample. Different sampling mechanisms can lead to biases in estimating the exported fluxes of the radionuclides or carbon. For example, in the ACC the POC was measured from 1 to 2 L bottle samples, and 234 Th and 210 Po from separate 50-250 L bottle samples. Kim and Church (2001) obtained the POC measurements from 1 to 2 L bottle samples collected during routine BATS sampling, and the radionuclides were measured from 30 L samples collected at the same time. Both of these methods introduce possible differences in the POC/ radionuclide ratios. More specifically, DOC adsorption onto filters is more important for small volume filtration than large volume filtration Liu et al., 2005) , and it has also been suggested that high pressure during filtration (e.g. during in situ pump filtration) may break particles and force POC through the filter.
Conclusions
We revised and presented all historical data on the simultaneous application of Po, have proven to be useful tracers for POC export production. However, the two greatest inherent differences that exist between the two tracers (half-life and scavenging affinity) make them useful in different and complementary ways.
Their different half-lives enable us to study export production rates over different time scales. 234 Th is proven to be best used for short-term flux determination whereas 210
Po may be more suitable for seasonal flux estimates. If one is interested in applying a NSS approach, the temporal resolution should be different for each tracer as well, i.e. a time interval between consecutive samplings of 2-3 weeks for 234 Th and up to 2-3 months for 210 Po.
The difference in half-lives may also play an important role in areas strongly influenced by lateral advection and upwelling of deep waters. Evidence that physical processes affect the modelled fluxes have been documented but more work needs to be conducted in order to evaluate whether the physical processes affect 234 at least certain components of POC, given its tendency to act like sulphur and to be recycled in the water column in a manner similar to POC. The differences that 234 Th and 210 Po present in half-lives, particle affinity and production functions are thus great advantages for studying changes in the water column biological dynamics, quantifying export production and better understanding the physical processes ongoing at a given area from two different and complementary points of view. The results from this study corroborate that the use of both radiotracers provides more useful comparative data than can be derived from the use of either tracer alone and therefore reinforce the coupled use of 238 U-234 Th and 210 Po disequilibria for a better understanding and more accurate determination of POC and total mass fluxes. This work also provides a basis to help plan future sampling strategies and promote further collaborative work in this field helping to reveal the more specific application of each tracer under specific oceanographic and biogeochemical conditions.
